Abstract. Zinc disorbate (ZDS) was in situ formed by the reaction between sorbic acid (SA) and zinc oxide (ZnO) in nitrile rubber (NBR). The effects of SA amount on the curing characteristics, crosslink density and mechanical properties of peroxide-cured NBR were studied. The results showed that ZDS was generated mainly during the rubber vulcanization, rather than the open mill compounding phase. The results from the crosslink density determinations showed that the formation of ZDS significantly increased the ionic bond content in the vulcanizates. In addition, the formation of ZDS greatly enhanced the mechanical properties of NBR vulcanizates. The modulus, tensile strength, tear strength and hardness were found to be increased with the loading of ZDS. Preheating the compounds before compression moulding was beneficial to the formation of ZDS, and consequently the increases in mechanical properties. At 40 parts per hundred rubber (phr) of SA and 16 phr ZnO, five to six folds of tensile strength and tear strength of the neat NBR vulcanizate were achieved. Transmission electron microscopy (TEM) results confirmed the nano-dispersion structure of the polymerized ZDS in the NBR matrix.
Introduction
Carbon black, silica and clay have already been used as effective reinforcements of rubbers for different purposes [1] [2] [3] [4] . Ionic clusters have also been proved to be reinforcing towards rubbers [5, 6] . Since highly filled zinc dimethacrylate (ZDMA) reinforced hydrogenated nitrile rubber (HNBR) with high tensile and excellent abrasion resistance was developed by Zeon Chemicals, reactive metal carboxylates have been tried as novel rubber reinforcements for their good dispersion properties and reinforcing effect [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Zhang and coworkers [11] [12] [13] [14] investigated the in situ formation of ZDMA and magnesium dimethacrylate (MDMA) by the reaction of zinc oxide (ZnO), magnesium oxide (MgO) with methacrylic acid (MAA), and discussed the reinforcing effect of the resultants on the rubbers. Lu et al. [16] investigated the morphologies of ZDMA particles in various elastomers before and after vulcanization by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). During compounding, the size of ZDMA particle was reduced and could even form nano-scale structures, depending on the shear stress during mixing. The authors observed two structures in the vulcanizates: a micron-scale dispersion of residual ZDMA particles and a nanoscale dispersion of poly-ZDMA aggregates. Multiple mechanisms for the reinforcement of rubbers by reactive metal carboxylates were involved in the systems [11, 14, 17] . First, during the rubber vulcanization, the unsaturated metal carboxylates could be polymerized (crosslinking) to form the reinforcing nanoparticles via free radical mechanism. Furthermore, the unsaturated salts could be grafted onto rubber chains during rubber vulcaniza-tion. Therefore reinforced rubber network with very tight interfacial bonding was formed in these systems. As a consequence, the mechanical properties of these rubber compounds were extraordinarily higher than those filled with traditional fillers such as carbon black or silica. In view of the high cost of metal (meth)acrylates and the corrosive nature of (meth)acrylic acid, exploring alternative reactive metal carboxylates was still necessary. Recently, we demonstrated that sorbic acid (SA), a common food preservative, was very effective in promoting the interfacial properties of silica or halloysite reinforced rubber and it is revealed that zinc disorbate (ZDS) was in situ formed in those systems [19] [20] [21] . In the present work, we attempted to use the in situ formed ZDS as the sole reinforcing agent for nitrile rubber (NBR). The formation regularity of ZDS, curing characteristics and reinforceablity of the formed ZDS, were investigated. 
Experimental

Preparation of NBR/ ZDS composites
The compositions of the rubber compounds were tabulated in Table 1 . The molar ratio of ZnO/SA was kept at 1/1.8 in all samples except for the control sample. ZnO was slightly excessive as stearic acid will react with zinc oxide to form zinc stearate. NBR and SA were compounded with rubber additives with a two-roll mill at room temperature. For comparison, a group of the compounds excluding DCP were placed in an oven at 120°C, and then evacuated to eliminate possible oxidation of the compounds. All the compounds were heat treated for 15 min in the vacuum oven before vulcanization. DCP was then included into the heat treated samples by re-compounding the samples. Then all the compounds were press-cured to a 1 mm thickness sheet at 170°C vulcanization time and then cut into specimens for measurements. The vulcanization time was determined at 170°C by U-CAN UR-2030 vulcameter, Taipei, Tianwan.
Characterizations 3.1. Differential scanning calorimetry (DSC)
To explore the reaction between ZnO and SA during simple heating, the mixture of ZnO/SA (molar ratio of 1/2) was prepared by vigorous mixing. The reaction of the mixture under heating was studied by DSC. The mixture was sealed in DSC pan and the heat flow during heating was recorded. The heat flow of the sample was shown in Figure 1 , which indicated that there were several stages for the reaction between ZnO and SA. We chose three upper temperatures at 60, 90 and 120°C for preparing three treated samples at different degrees of con-530 Guo et al. -eXPRESS Polymer Letters Vol.4, No.9 (2010) Figure 1 . DSC graph of the SA, ZnO, and SA/ZnO mixture version. When the temperature was heated to the upper temperature, the sample was quenched to stop the reaction. The three samples with upper treating temperatures at 60, 90 and 120°C were labeled as A, B and C, respectively. All the DSC runs were conducted with a TA Q20 (New Castle, America) at a ramping rate of 2°C/min and using nitrogen as purging gas.
X-ray diffraction (XRD)
The XRD of the rubber compounds, vulcanizates and the above mentioned samples of A, B and C were recorded at ambient temperature on a Rigaku Dmax/III diffractometer (Rigaku Corporation, Tokyo, Japan) using a CuK α radiation (λ = 1.54 Å). All the samples were scanned from 2 to 50° with a step length of 0.02°.
Determination of crosslink density
Crosslink density was determined by the equilibrium swelling method [10, 11, 17, 22, 23] . The value was classified into three types, that is, covalent crosslink density (V e1 ), ionic crosslink density (V e2 ) and total crosslink density (V e = V e1 + V e2 ).
To measure V e , samples were swollen in acetone (ρ s = 0.788 g/ml) at room temperature for 72 h and then removed from the solvent and the surface acetone was blotted off quickly with tissue paper. The samples were immediately weighed on an analytical balance and then dried in a vacuum oven for 36 h at 70°C to remove all the solvent and reweighed. The volume fraction of NBR in the swollen gel, V r , was calculated by Equation (1) [22] : (1) where m 0 is the sample mass before swelling, m 1 and m 2 are sample masses before and after drying, φ is the mass fraction of rubber in the vulcanizate, α is the mass loss of the gum NBR vulcanizate during swelling, and ρ r and ρ s are the rubber and solvent density, respectively. The elastically active network chain density, V e , which was used to represent the whole crosslink density, was then calculated by the well-known Flory-Rehner equation (Equation (2)) [23] : (2) where V r is the volume fraction of the polymer in the vulcanizate swollen to equilibrium and V s is the solvent molar volume (73.4 ml/mol for acetone at room temperature). χ is the NBR-acetone interaction parameter and is taken as 0.349 calculated according to reference [24, 25] . As mentioned above, the vulcanizates contained both covalent and ionic crosslinks, so it was significant to distinguish ionic crosslink density from covalent crosslink density. It was documented that rubber swollen in an acidic solution can destroy the ionic crosslinks [10, 11, 17] . To determine covalent crosslink density, samples were swollen again in the mixture of acetone and dichloroacetic acid for 120 h to destroy ionic crosslinks, then swollen in pure acetone for 72 h and weighed, and then vacuum dried and reweighed. V r1 calculated by Equation (1) represents the extent of swelling after destroying ionic crosslinks. V e1 calculated by Equation (2) represented the covalent crosslink density. V e2 calculated by subtracting V e1 from V e .
Morphological observations
The specimens were ultramicrotommed into thin pieces of about 120 nm thickness with a Leica EM UC6 (Wetzlar, Germany). Then the TEM observations were done using a Philips Tecnai 12 TEM (Amsterdam, Netherlands) at an accelerating voltage of 30 kV.
Mechanical properties
Tensile tests including 100% modulus, tensile strength, elongation at break and permanent set were performed following ASTM D412 using U-CAN UT-2060 (Taipei, Taiwan) instrument, and the cross head speed was 500 mm/min. Shore A hardness was performed following DIN 53505 using a XY sclerometer (Shanghai, China). 
Results and discussion 4.1. Formation of ZDS during rubber vulcanization
The DSC graph of ZnO, SA and the model ZnO/SA mixture is shown in Figure 1 . It is clear that for ZnO and SA, there is no exothermic or endothermic peak appears during the process, indicating there is no reaction or phase change occurring in them in the tested temperature range. For the model ZnO/ SA mixture, however, there is an exothermic peak around 80°C and endothermic peaks between 90 and 120°C. The exothermic peak and the endothermic regions indicate a complicated reaction process between ZnO and SA takes place during simple heating of the mixture. The XRD patterns of ZnO, SA and the model samples with different upper heat treating temperature were recorded. One can see in Figure 3 the characteristic diffraction peaks of SA at 13.5, 15.1, 26.9, 28.9 and 31.8° and the characteristic diffraction peaks of ZnO at 37.1, 39.8 and 41.6°. For sample A, the XRD pattern is the overlay of XRD patterns for ZnO and SA, suggesting that no reaction takes place between ZnO and SA below 60°C. For sample B, although the diffractions for SA are still present, the diffraction peaks of ZnO disappear. In addition, a new peak appears around 7.8°, which is, however, not identical to the diffraction of ZDS which evolved from basic zinc carbonate and SA [19] . In the XRD pattern of sample C, it can be seen that the diffractions for SA and ZnO completely disappear. New diffraction peak is observed at 6.8°, being close to that of ZDS, indicating the complete formation of ZDS. According to the report of Dolgoplosk et al. [26] , a basic salt is first formed by the reaction of SA and ZnO. Then, the neutral salt is formed when the SA is excess. These two reactions could be described by Figure 2 .
It can be concluded that below 90°C, only intermediate product showing a diffraction peak around 7.8° is formed, and further heating to 120°C is necessary to obtain the ZDS completely. As a consequence, in the section below, we treated the rubber compounds at 120°C before the compression moulding and the results were compared with those without heat treatment. The formation of ZDS during rubber vulcanization has been confirmed in our previous paper [19] . The same result was achieved in the present system. Figure 4 represents the XRD patterns of uncured rubber compounds with varying SA contents. It is shown that the intensities of the peaks at 22.76 and 27.66°, characterizing SA crystal, and the (100) and (101) diffractions of ZnO at 31.6 and 36.1° are consistently increased with SA and ZnO loading. Except for these observations, there are no other changes in Figure 4 , and the diffraction of ZDS is not observed, indicating that almost no ZDS is formed during the open mill compounding. How- The reason is that ZnO reacted with SA during vulcanization. Consequently, it is believed that the compounding at ambient temperature is insufficient for the formation of ZDS and ZDS is predominately formed during vulcanization. The in situ formed ZDS could not survive as it undergoes polymerization under heating, therefore the diffractions for ZDS are not observed in the vulcanizates. We studied the polymerization of ZDS initiated by the free radical generated by the decomposition of DCP through DSC. We mixed the model compound C with DCP, then sealed the mixture in DSC pan and heated to 200°C at 10°C/min, and the heat flow during heating was recorded, as can be seen in Figure 6 . It is clear that there is a exothermic peak between 133 and 193°C. It is believed that the exothermic peak is due to the polymerization of ZDS and the enthalpy for the polymerization of ZDS is approximately 477.4 J/g. Since SA is also reactive to rubber chains during vulcanization, the grafting of SA onto rubber chains is a competitive reaction to the formation of ZDS [27, 28] . To optimize the formation of ZDS in the rubber compounds, the open mill compounded rubber compounds excluding DCP were heat treated at 120°C for 15 min. The XRD patterns of the heat treated rubber compounds are revealed in Figure 7 . It is obvious that a new diffraction peak appears around 7.8° when SA content is higher than 10 parts [ Figure 10 shows the vulcanization curves of the rubber compounds with different SA loading. As can be seen, the inclusion of SA leads to significant increase in the torque of compounds. The maximum torque of the compounds is consistently increased with the loading of SA. This may be due to reinforcement of ZDS particles and the strengthened interfacial interaction through the grafting of ZDS onto the rubber chains [19, 20] . As also seen from Figure 10 , the increase of maximum torque with increasing SA content is also observed in the heat treated rubber compounds. When the SA content is lower than 10 phr, the difference between the torques of the rubber compounds with and without heat treatment is negligible. However, when the SA content is further increased, the torque of the compound with heat treatment is remarkably higher than that without heat treatment. This could be explained by the effectively increased ZDS content in the heat treated samples. When the open mill compounded sample is subjected to compression moulding, part of SA could not survive due to the radical polymerization and, as a consequence, the ZDS content is considerably lower than that with preheating before the compression moulding. The reinforcement of the rubber compounds is primarily contributed by the crosslinked ZDS particles, consequently the preheat compounds which possesses higher ZDS content show higher torque. Figure 11 summarizes the scorch time (T s2 ) and vulcanization time (T c90 ) of the rubber compounds with different SA loading. As shown, the T s2 exhibits a slight decrease with increasing SA content. T c90 of the compound with SA is also lower than the control sample although its trend is not consistently decreasing with SA loading. It is noticeable that there are little changes in T s2 and T c90 after the preheating, suggesting the limited effect of the preheating on the scorch or curing time of the rubber compounds. The curing rate index (CRI), which indicates the rate of cure of the compounds, defined as (MH-ML)/(T c90 -T s2 ), is summarized in Figure 12 . ML and MH represent the minimum and maximum torque, respectively. A higher value of CRI means a higher rate of vulcanization. It can be seen that the value of CRI increases with the increasing of SA loading, indicating the acceleration of vulcanization by SA. And the heat treatment can further improve the curing rate. The CRI is mainly dependent on the crosslinking reactivity of the compound. The compound with higher ZDS content should have higher crosslinking reactivity as it can undergo crosslinking itself and the SA can only be linearly polymerized. Higher SA content or preheating on the uncured compounds are all beneficial to the formation of ZDS, consequently those samples show higher CRI values. Table 2 summarizes the crosslink density of NBR vulcanizates with varying SA contents. The increment in ionic crosslink density is indicative of the polymerization of ZDS during the vulcanization. From Table 2 , it can be concluded that the total crosslink density (V e ) and ion crosslink density (V e2 ) are increased with SA, while the covalent crosslink density (V e1 ) has the reverse trend. The effect of preheating on the crosslink density of the vulcanization is also shown in Table 2 . It is noticeable that the values of the V e and V e2 of the heat treated samples are higher than those of the vulcanizates without heat treated. The increase in the V e2 indicates more ZDS is formed in the preheated samples. Also, it is noticed that when SA content is more than 20 phr, 75-90% of the crosslink is due to ionic crosslinks. The high content of ionic crosslinks is an indication of higher content of crosslinked ZDS, which is important for the reinforcement of the present systems. TEM is used to study the morphology of the in situ formed and polymerized ZDS in NBR vulcanizates. Figure 13 shows the morphologies of the NBR/ ZDS composites with and without heat treatment. It clearly indicates that there are significant amount of nano-level dispersion, the darker phase, in TEM photographs of the ZDS/NBR composites with 8 phr of ZnO and 20 phr of SA investigated in this 535 Guo et al. -eXPRESS Polymer Letters Vol.4, No.9 (2010) work. It can be judged that the small dark domains in the TEM photographs could represent the Zn-rich regions, that is, the aggregates of poly-ZDS in the present system. The detailed mechanism of the formation of such inclusions in the rubber matrix, however, is still under investigation. The reinforcing effect of in situ formed ZDS on NBR was summarized in Table 3 . It is revealed that the 100% modulus, tensile strength, tear strength and shore A hardness are increased with SA content. For the SA included samples, the elongation at break is decreased with SA content. The incorporation of SA has little influence on the permanent set of NBR, and the value keeps at a low level for all the samples (below 10%). What is more, the preheated samples have improved mechanical properties than those without preheating, and the more SA is added, the greater discrepancy in mechanical properties. Five to six fold increases in 100% modulus, tensile strength and tear strength are achieved compared with those of the control sample. It can be concluded that in situ formed ZDS shows promising reinforceablity towards NBR. Typical stressstrain curves are presented in Figure 14 . One can see that low SA loading is beneficial to the increase in the elongation at break while higher loading SA is beneficial to improving the modulus and the strength of the NBR vulcanizate effectively. The largely enhanced mechanical properties can mainly be explained as follows. When SA is incorporated, ZDS can be formed and crosslinked during rubber vulcanization. ZDS could also be grafted onto NBR chains and the interfacial bonding is enhanced. When low loading of SA is added, little ZDS is formed and so the reinforcing effect is limited. At such a situation, the linear poly(sorbic acid) leads to the higher of the elongation at break and the increased permanent set. When large amount of SA is incorporated, most of SA could be converted to ZDS and therefore a crosslinked ZDS particle reinforced rubber network with excellent interfacial bonding is resulted. More ZDS is formed, higher reinforcement is observed in the systems. It is well documented that in situ formed zinc dimethacrylate acid has a significant reinforcement on rubbers [9] [10] [11] [12] [13] 17] . Compared with the reported systems reinforced by the unsaturated metal carboxylates, although the increases in the mechanical performance do not surpass the previously reported ones, the present systems possess several advantages such as SA is a solid and edible substance with versatile reactivity and it is much cheaper than (meth)acrylic acid. 
Curing characteristics of rubber compounds
Structure, morphology and mechanical properties of NBR vulcanizates with variable SA content
Conclusions
The NBR compounds could be effectively reinforced by in situ formed ZDS through the reaction between SA and ZnO during rubber compounding. Limited ZDS was formed during open mill compounding and most of ZDS was formed during the vulcanization. Preheating on the uncured compounds prior to the vulcanization was effective in increasing the ZDS content. Incorporation of ZDS led to higher curing rate although the scorch time and vulcanization time were practically independent of the ZDS content. Inclusion of ZDS significantly increased the ionic bond content in the vulcanizates. The in situ formed ZDS showed promising reinforceability towards the NBR compounds. The modulus, tensile strength, tear strength and hardness were found to be increased consistently with the content of ZDS. Preheating of the compounds before the compression moulding was beneficial to the formation of ZDS, and consequently the increases in mechanical properties. At 40 phr of SA and 16 phr ZnO, five to six fold increase of tensile strength and tear strength of the neat NBR vulcanizate were achieved. The TEM results confirmed the nano-dispersion structure of the polymerized ZDS in the NBR matrix.
